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Abstract
As a developing industry, CCS in the UK can be modeled as a technical innovation system (TIS) which will likely 
develop in a highly non-linear fashion, relying on feedbacks from a range of system functions including R&D, market 
creation and learning-by-doing.
Following similar work in other nations the TIS is analysed by an expert questionnaire and in-depth systems analysis.
The results include input from 34 CCS experts from all areas of the TIS and allow potential weaknesses that may 
hamper development to be identified. An update on system functions since the survey is also then included to gauge
recent developments.
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction
1.1. CCS in the UK
Despite increases in renewable energy sources, the UK currently generates the majority of its
electricity from the combustion of fossil fuels. Moreover, these flexible thermal units are expected to
continue to play a major role in UK electricity production in the coming decades [1]. In order to meet the
emissions reductions targets set out in the 2008 Climate Change Act, the UK must find a way to 
decarbonise electricity generation from thermal power stations. Although switching fossil fuels for less
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carbon-intensive alternatives such as biomass is a promising option, recent modeling has shown the least 
cost scenario for the UK is to include carbon capture and storage (CCS) for coal and gas in its electricity 
generation portfolio [1].   
1.2. UK CCS as a TIS 
Since CCS is yet to be proven at scale it cannot be described as a mature technology. The development 
of CCS in the UK towards a functioning mature industry can be considered by modeling the industry as a 
technological innovation system (TIS). This is defined as rk of agents interacting in a 
specific economic/industrial area under particular institutional infrastructure and involved in the 
 [2]. Importantly, a TIS should be viewed in terms of 
the flow of knowledge and competence rather than the flow of goods and services.  
Contrary to conventional theories of incremental development, contemporary research posits that the 
development of a TIS is highly non-linear, relying on feedbacks from a range of system functions 
including R&D, market creation and learning-by-doing which interact to contribute to the state of 
development [3]. Moreover, the extent of deployment of a technology is rarely dictated by the 
technological level of readiness. In fact, the degree to which an innovation is able to penetrate a market is 
dependent on many factors which lie outside of the influence of the technological developer, for example 
the first UK CCS Demonstration Project did not fail on account of technological shortfall but due to other 
issues surrounding the technology. 
It is acknowledged several alternative modeling approaches exist in addition to TIS. However the 
ability of innovation systems analysis to focus on the interplay between incumbent and emerging 
technologies has been shown to be particularly adept at analyzing new technologies entering the UK 
electricity market [4] and also modeling the development of CCS industries in other nations [5]. TIS 
analysis is also able to inform how to set high-level targets and tailor policy which targets and removes 
potential barriers to long-term development [6]. These benefits make it particularly suitable for the UK 
CCS industry which is in a state of transition from relatively unregulated to partially regulated state. 
Hekkert et al [7] suggested analysis of TIS by consideration of seven system functions as described in 
table 1 and defined as: entrepreneurial activity, knowledge creation, knowledge diffusion, guidance of 
search, market creation, resource mobilization and legitimization. In order to promote consistency Bergek 
et al. formalized a method for analyzing TIS through following a 6-stage procedure [8]: 
 Defining TIS in focus 
 Identifying structural components (actors, networks and institutions) 
 Mapping the functional pattern of the TIS 
 Assessing the functionality of the TIS and setting process goal 
 Identifying inducement and blocking mechanisms 
 Specify key policy issues 
 
Van Alphen et al. [5] applied this methodology to the CCS industries of 5 nations leading the 
development of the industry (USA, Norway, Australia, Canada and the Netherlands). In mapping the CCS 
industry for each country the above seven system functions were used as a framework for questioning 
industry participants on the state of development of the industry (see questions detailed in Appendix A.)  
 
Table 1. System Functions for CCS in [5] abridged from [7] 
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System Function Description 
Entrepreneurial 
activity 
At the core of any innovation system are the entrepreneurs. These risk takers perform the innovative (pre-) 
commercial experiments, seeing and exploiting business opportunities 
Knowledge 
development 
Technology R&D are prerequisites for innovations, creating variety in technological options and 
breakthrough technologies 
Knowledge 
diffusion 
This is important in a strict R&D setting, but especially in a heterogeneous context where R&D meets 
government and market 
Guidance of the 
search 
This function represents the selection process that is necessary to facilitate a convergence in technology 
development, involving policy targets and expectations about technological options 
Market creation This function comprehends formation of new (niche) market by creating temporary competitive advantage 
through favorable tax regimes, consumption quotas, or other public policy activities 
Resource 
mobilization 
Financial and human resources are necessary inputs for all innovative activities, and can be enacted 
through, e.g. investments by venture capitalists or through governmental support 
Creation of 
legitimacy 
The introduction of new technologies often leads to resistance from established actors, or society. 
Advocacy coalitions can counteract this inertia and lobby for compliance with legislation or institutions 
2. Methodology 
In this work, analysis of the UK CCS Industry as a TIS is undertaken by making use of two tools. 
First, the results of an expert questionnaire which aims to analyse the state of development of the UK 
CCS industry, in comparison to other leading CCS nations, are presented. Second, a systems analysis is 
performed to investigate in more depth where the strengths and weaknesses lie in the UK CCS industry. 
2.1. Expert Questionnaire 
Based on previous work for other nations [5], a series of questions were asked of experts in the field in 
order to assess each of the system functions defined above for the UK CCS industry. In order to allow 
comparison between previous findings for other nations and the work presented here, an identical survey 
was conducted here for the UK. A list of the functions and the questions asked of each expert are included 
in Appendix A. 
An online questionnaire was created which asked experts to rate on a 5-point Likert scale their level of 
satisfaction with various aspects of the CCS industry. Participants were also given the opportunity to 
comment on the system functions and provide recommendations for improvement. Although experts were 
drawn from a variety of backgrounds they were asked to answer the questions considering the entire CCS 
industry and not just their area of expertise. Experts were identified as members of two groups: members 
of the UK CCS Roadmap R&D Chapter Steering Group and speakers at the UK CCS Community 
(UKCCSC) events. These groupings were chosen as anyone in these groups had been identified as an 
expert by a group of their peers the organising committees: UKCCSC board and the UK Department of 
ice of Carbon Capture and Storage (DECC-OCCS) respectively. In 
total, 88 experts were identified of which contact was made by email with 75. Of those contacted, 34 
experts completed the survey between July and September 2011 providing a snapshot of the industry at 
this time. The experts were drawn from all parts of the TIS and can broadly be characterized as working 
for academic, industrial or public organizations though no distinction between responses is made in this 
work.  
2.2. Systems analysis 
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The state of development of the UK CCS industry found in the survey was updated by analyzing 
recent developments in relation to the seven system functions. 
3. Results 
3.1. Expert Survey 
Figure 1 shows the results of the expert survey and for comparison includes the averaged findings of 
the previous work for other nations [5]. The results from the survey indicated that of the seven system 
functions, three  knowledge creation, knowledge diffusion and guidance  were deemed to be sufficient 
or better while the remaining four system functions were identified as potential areas that could be 
holding back the development of the UK CCS industry scoring below 3.  
Apart from market creation, the UK was rated as worse than the average score for the five nations for 
all of the system functions. However, slight differences in methodology should caution against direct 
comparisons. Interestingly, the shapes of the system function map is very similar for both cases 
suggesting issues affecting development of the UK CCS industry may be equally valid on an international 
scale, and vice versa. The similarity in the shape of the maps could also be argued as a reason to 
collaborate internationally and share best practice in order to expediently deploy CCS globally. 
 
Figure 1  Results from expert survey  
the functional 
pattern does not in itself tell us whether the TIS is well functioning or not; that a particular function is 
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weak does not always constitute a problem, nor is a strong function always an important asset.  [8]. To 
assess the importance the importance of each of the system functions in addition to their averaged score it 
is useful to investigate the comments that were presented. Table 2 presents a synthesis of the findings for 
each of the system functions. 
Table 2. Synthesis of comments and recommendations for improvement from expert survey 
System Function Précis of recommendations 
Entrepreneurial 
activity 
A lack of facilities for entrepreneurs and researchers to test their developments at scale. A national test centre 
and government incentivizing suggested to develop SMEs and tempt large incumbent firms to cross into CCS 
market. 
Knowledge 
development 
Some disagreement on this with some suggesting the process is working well and others suggesting reforms 
to the current system. However consensus seems to agree that more collaboration between the different actors 
(particularly academia and industry) should occur on at-scale experiments.  
Knowledge 
diffusion 
Generally felt that within UK and EU collaborations are strong. However, commercial sensitivities are 
tending to reduce knowledge transfer. There was a general consensus that there were too many broad 
conferences and that more focused meetings should proliferate in the future. 
Guidance of the 
search 
Results contained various points of view with some believing industry are not committing enough while 
others believe some expectations do not align with the real world. Respondents felt the government needed to 
act to promote the long-term growth potential and also set out long-term targets and regulations that will need 
to be met. 
Market creation Many respondents identify the potential a market could bring both to the UK domestically and as an 
exportable commodity, However, respondents also note there are still hurdles to overcome before this 
becomes a reality, mainly that government are responsible for these stages by pinning down regulations, 
targets and liabilities. 
Resource 
mobilization 
Current human capital is seen as sufficient but continual training needed to start soon to ensure sufficient 
human capital available if CCS industry ramps up. Funding for research seen as largely okay but project 
funding, particularly post-demonstration stage more in doubt.  
Creation of 
legitimacy 
Drawing the most comments, a lack of public support is seen as a potential blocking mechanism. Increases in 
public awareness, education and media exposure of CCS all cited as necessary to overcome this. Some 
respondents believe more needs to done to legitimize investments in the technology and that lobby groups 
could help with this. 
 
3.2. Analysis of functions post survey 
In attempt to update the work, a brief overview of events related to the UK CCS industry is included 
below. Although it is beyond the scope of this piece to evaluate in detail the effects of the past year from 
a systems point of view, examples of changes and how they affect each of the system functions are 
described.  
3.2.1. Headline Points 
Surveys were conducted in the late summer of 2011 before the withdrawal of the sole remaining entry 
in the CCS Demonstration Project which subsequently led to the postponement the publication of a UK 
CCS Roadmap. Since the expert survey provides a snapshot of the industry and can be influenced by 
major or minor events, had the survey been completed several months later, it is believed a substantial 
reduction in scores may have been achieved. Despite sound reasoning for the decision, the cancellation of 
the Longannet project was widely seen as a blow to the CCS industry. Nonetheless, a subsequent 
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commercialization programme has been launched along with a UK CCS Roadmap which detailed 
significant investment in research directly from DECC-OCCS [9].  
3.2.2. Entrepreneurial activity 
The Technology Innovation Needs Assessment (TINA) work published by DECC suggested that 
innovation in CCS could reduce costs by between £10-45bn in the period up to 2050 [10]. To promote 
such innovations DECC announced a £20m call for proposals for development of innovative CCS 
projects. This funding is designed to encourage SMEs to test their ideas at a meaningful scale.  
3.2.3. Knowledge development  
 
The UK remains among world leaders in knowledge development. An increasing number of UK- and 
EU-funded academic projects are being pursued. Notable is the DECC-funded £125m 4-year coordinated 
R&D and innovation programme spanning all areas of the TIS. Examples of projects in capture include 
the academic-based PACT facility which is mirrored by industrial research such as the recently opened 
CCPilot100+ project and forthcoming Aberthaw demonstration project. 
3.2.4. Knowledge diffusion 
This continues to be a strong function as evidenced by the recent creation of the UK CCS Research 
Community (UKCCSRC) [11]. This community is open to all parties with an interest in CCS and 
disseminates a wide variety of information to members drawn from academic, industrial and publicly 
funded organizations. Also, many UK research projects are collaborations, both between academics and 
industrialists in the UK and also with international partners. 
3.2.5. Guidance of the search 
The publication of the UK CCS Roadmap [9] 
CCS in the coming decades. Similarly, technological milestones and targets published by APTGF [12] 
indicate to industry the potential for future technologies and help academics and research funders target 
their research so it might best benefit the industry . The desire for a variety of technology 
options for the UK CCS Commercialisation Project indicates the government is technology-neutral which 
is seen as a benefit for an industry entering its formative stage of development [6]. 
3.2.6. Market creation 
The forthcoming electricity market reform will determine whether a market suitable for CCS will exist 
in the UK. Measures designed to benefit CCS, such as capacity payments and emissions performance 
standards, will be useful but the overall viability of projects will likely be decided by the electricity strike 
price. Until this is established industrial projects are unable to make accurate financial evaluations of, or 
investment decision for, potential projects. 
3.2.7. Resource mobilization 
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Research funding from research councils and directly from government for CCS projects is increasing 
although conversely some industrial research centres have departed the UK. An increasing number of 
training courses aimed at CCS are materializing including dedicated Masters-level courses. £1bn is still 
guaranteed for the first demonstration programme and currently several UK projects are bidding for 
European funding (NER 300 and EERP). Government investment in innovation has also increased as 
mentioned above.  
3.2.8. Creation of legitimacy 
As well as bringing disparate sections of the TIS together, UKCCSRC also now works to coordinate 
responses to public discourse and respond to government consultations
 [6]. However, the reluctance of the coalition 
government to commit to a 2030 decarbonisation target (as advocated by the Climate Change Committee 
and the previous Government) could be viewed as likely to delay development. 
4. Conclusions 
An expert survey to evaluate the state of development of the UK CCS industry in late 2011 was 
performed. Findings f
other nations at the forefront of developing the technology, though significantly lower with respect to 
system functions of knowledge creation, knowledge diffusion and entrepreneurial activity.  
Analysis of events that have occurred since the survey suggests much is being done to develop the 
majority of system functions identified as potentially weak in the expert survey. However, at present the 
outcome of the UK electricity market reform and a persisting concern regarding public acceptance of 
CCS stand out as the most important factors the UK must overcome in order to expediently develop a 
CCS industry. 
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Appendix A. Survey Questions (from Van Alphen et al [5]) 
 
F1: Entrepreneurial activity 
1 The number and the degree of variety in entrepreneurial experiments? 
\2 The number of different types of applications? 
3 The breadth of technologies used and the character of the complementary technologies employed? 
4 The number of new entrants and diversifying established firms? 
F2: Knowledge creation 
5 The number and degree of variety in RD&D projects? 
6 The type of knowledge (scientific, applied, patents) that is created and by whom? 
7 The competitive edge of the knowledge base? 
8 The (mis)match between the supply of technical knowledge by universities and demand by industry? 
F3: Knowledge diffusion 
9 The amount and type of (inter) national collaborating between actors in the innovation system? 
10 The kind of knowledge that is shared within these existing partnerships? 
11 gatherings (e.g. conferences, platforms) organised? 
12 Configuration of actor-networks (homo, or heterogeneous set of actors)? 
F4: Guidance 
13 Amount and type of visions and expectations about the technology? 
14 Belief in growth potential? 
15 Clarity about the demands of leading users? 
16 Specific targets or regulations set by the government or industry? 
F5: Market creation 
17 What phase is the market in and what is its (domestic & export) potential? 
18 Who are the users of the technology how is their demand articulated? 
19 Institutional stimuli for market formation? 
20 Uncertainties faced by potential project developers? 
F6: Resource mobilization 
21 Availability of human capital (through education, entrepreneurship or management)? 
22 Availability of financial capital (seed and venture capital, government funds for RD&D)? 
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23 Availability of complementary assets (complementary products, services, network infrastructure)? 
24 Level of satisfaction with the amount of resources?  
F7: Legitimization 
25 Public opinion towards the technology and how is the technology depicted in the media? 
26 How well articulated are the main arguments of actors pro or against the deployment of the technology?  
27 Legitimacy to make investments in the technology? 
28 Activity of lobby groups active in the innovation system (size and strength)? 
 
